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ABSTRACT 
The rise of energy consumption and environmental concerns necessitate research efforts on optimizing HVAC systems.
Air source heat pump systems are widely used as space conditioning systems because of their low cost of installation
and the possibility of achieving both heating and cooling from the same device. However, under extreme conditions
especially in heating mode, conventional heat pumping systems face challenges when operating in cold climate at
ambient temperatures that fall below 0°C (32°F). In this paper, a two-stage vapor injection heat pump system with
R-32, R-290 and R-410A as the working fluids, was investigated by considering both single objective (heating COP
and unit cost of heating (UCH), as the thermodynamic and thermo-economic criteria, respectively) and multi-objective
(maximum heating COP and minimum UCH) optimizations at low ambient conditions. The system model was de-
veloped by using Engineering Equation Solver (EES) and the optimizations have been carried out with the available
genetic algorithm (GA) method. From a multi-objective standpoint, the Pareto frontier decision-making process was
used for the selection of final solution. The results revealed that R-32 and R-290 were the best selections for the
investigated system based on exergo-economic and thermodynamic criteria, respectively. The system with R-32 and
R-290 had a minimum UCH of 265 $/kWh and a maximum heating COP of and 3.94. Whereas, for the baseline system
with R-410A, the heating COP, exergy efficiency and the UCH were estimated to be 3.75, 30.31% and 384.2 $/kWh,
respectively. 
1. INTRODUCTION 
The energy consumption rise in heating applications has led to the increment of energy prices (Conti et al., 2011).
There are numerous debates about the possibility of the cost of fossil fuels to significantly increase in the upcoming
years, especially in the industrialized countries. These forecasts motivate the necessity of investigations to optimize
the heating systems as much as possible. One of those best ways to optimize the energy demands is the optimization
of space heating technologies. The air-source heat pumps are very attractive due to their low installation cost. One of
the main advantages of employing a heat pump/air-conditioning system is the feasibility of achieving cooling and
heating from the same unit, which results in significant cost savings during installation. However, when the system is
in heating mode, there are some problems to maintain the performance of these types of heat pump systems,
especially when the ambient temperature falls below 0°C (32°F). For instance, in the northern regions of the United
States, such as Minnesota or South and North Dakota, this represents a great challenge for the air-source heat pump
systems, where the ambient air temperature in these districts can reach values as low as −30°C (−22°F) during the
heating season. 
This paper aims to conduct a thermo-economic analysis of a vapor injection compression with economization. Account-
ing that the heating seasonal performance factor (HSPF) and seasonal energy efficiency rating (SEER) requirements 
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are changing over the next years, the units designs are expected to be changed. Therefore, a novel utility structure is 
proposed for optimizing a heat pump system to meet high HSPF/SEER demand for seasonal performance, especially 
at cold climate. At the present study, a two-stage vapor injection heat pump cycle with R-32, R-290 and R-410A 
as working fluids was investigated and compared based on sensitivity analysis, single-objective analysis and multi-
objective analysis. The sensitivity analysis was performed with parametric studies for all input parameters, whereas 
the single-objective analysis is conducted on heating COP and unit cost of heating (UCH), as the thermodynamic and 
thermo-economic criteria, respectively. For the multi-objective optimization (maximizing COP and minimizing UCH 
simultaneously), the Pareto frontier decision-making process was used for selecting the final solution. 
2. SYSTEM MODELING 

























































Secondary cooling cycle Secondary heating cycle
Two-stage vapor injected heat pump system 
T𝑶𝒖𝒕𝒅𝒐𝒐𝒓
Figure 1: Schematic diagram for two-stage vapor injected heat pump system for cold-climates showing the 
secondary cooling and heating cycles. 
2.1 Model Assumptions 
The below presumptions are made through thermodynamic assessment of the devised vapor injected heat pump system 
with an economizer (Rostamzadeh et al., 2018): 
• Modeling is carried out at steady state. 
• Constant isentropic efficiency is given for the pumps. 
• Isenthalpic expansion process is assumed in the throttling valves. 
• Kinetic and potential energies are neglected during the modeling. 
• Heat losses are neglected from all elements. 
• Exergy destruction through the pipes is assumed approximately zero. 
• Chemical exergy for refrigerants is neglected during the simulation. 
The devised new vapor injected heat pump system with an economizer is modeled based on the mass, energy, exergy, 
and exergo-economic balance relations. Prior to carrying out the simulation, some required data for this aim are listed 
in Table 1. 
2.2 Energy and Exergy Analyses 
The mass, concentration, and energy conservative equations for an element at steady state can be written as: Mass 
balance Eq.: 
∑ ṁ in =∑ ṁ out (1) 
i o 
                       
                          
     
         
2534, Page 3 
Table 1: Required input parameters for the simulated two-stage vapor injected heat pump system with econo-
mizer. 
Parameter Unit Value 
Reference temperature, T0 °C 25 
Reference pressure, P0 kPa 101 
Heat transfer rate of evaporator, Q̇evap 





Evaporation temperature, Tevap 





Superheat at the outlet of evaporator, Shevap 





Superheat at the outlet of economizer, Shecon °C 5 
Temperature difference in economizer , DTecon °C 10 
Glycol concentration of cooling loop solution, GCCLS - 0.5 
Glycol concentration of heating loop solution, GCHLS - 0.5 
Terminal temperature difference, TTD °C 10 
Pressure drop in components, ΔP % 1 
Pumps isentropic efficiency, ηis,pump 





Concentration balance Eq.: 
∑( ṁY)in = ∑( ṁY)out (2) 
i o 
Energy balance Eq.: 
˙ − ˙Qcv Wcv = ∑( ṁh)out − ∑( ṁh)in (3) 
The balance equation based on exergy for the kth element of a set-up may be expressed as (Bejan et al., 1995): 
k k 
˙ ˙ ˙ExD,k = ∑ Exin,i − ∑ Exout,i (4) 
i=1 i=1 
or, regarding the exergy of fuel, product, and destruction, Eq. 4 can be expressed as: 
˙ ˙ ˙ExF,k = ExP,k + ExD,k (5) 
The overall exergy of the kth state is declared as: 
˙ ˙Exk = Exph,k = ṁ (h − h0 − T0 (s − s0))k (6) 
The exergy rate associated with the kinetic, chemical, and potential are neglected in this study (Bejan et al., 1995). 








The details of energetic and exergetic balance relations for different utilized elements of the devised vapor injection 
heat pump system with an economizer are presented in Tables 2 and 3, respectively. 
2.3 Exergo-Economic Analysis 
The balance equation based on cost of the kth element of a unit can be expressed as (Bejan et al., 1995): 
˙ ˙Cq,k +∑ ċin,k + Ż k = Cw,k +∑ Ċ out,k (8) 
where, Ċout,k refers to the out-flowing stream cost rate of the kth element, Ċin,k refers to the in-flowing stream cost rate
˙ ˙of the kth element, Cw,k refers to the cost rate connected to work generated by the unit, and Cq,k refers to the cost rate
of heat done on the unit. 
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Table 2: Mass and energy relations for each element of the vapor injection cycle with economizer. 





Throttling valve 1 





Indoor heat exchanger 
Outdoor heat exchanger 
ṁ1 = ṁ2 
ṁ3 = ṁ4 
ṁ13 = ṁ12 
ṁ15 = ṁ16 
ṁ9 = ṁ10 
ṁ7 = ṁ8 
ṁ12 = ṁ14 
ṁ8 = ṁ1 
ṁ4 = ṁ5 
ṁ17 = ṁ15 
ṁ10 = m11 
ṁ6 = ṁ7 
ṁ3 = ṁ2 + ṁ11 
ṁ16 = ṁ17 
ṁ20 = ṁ21 
ṁ13 = ṁ14 
ṁ18 = ṁ19 
Ẇcomp,1 = ṁ1 (h2 − h1) 
Ẇcomp,2 = ṁ3 (h4 − h3) 
Ẇpump,1 = ṁ12 (h13 − h12) 
Ẇpump,2 = ṁ15 (h16 − h15) 
h9 = h10 
h7 = h8 
Q̇evap = ṁ8 (h1 − h8) 
Q̇evap = ṁ12 (h12 − h14) 
Q̇cond = ṁ4 (h4 − h5) 
Q̇cond = ṁ 1̇5 (h15 − h17) 
Q̇econ = ṁ10 (h11 − h10) 
Q̇econ = ṁ6 (h6 − h7) 
ṁ3h3 = ṁ2h2 + ṁ11h11 
Q̇InHX = ṁ16 (h16 − h17) 
Q̇InHX = ṁ20 (h21 − h20) 
Q̇OutHX = ṁ13 (h14 − h13) 



















T12 = T1 + ΔTpp 
Shevap = T1 − Tevap 
Sccond = T5 − Tcond 
TTD = T4 − T15 
DTecon = T7 − T10 
TTD = T16 − T21 
T19 = T13 + ΔTpp 
TTD = T18 − T14 
Total Q̇InHXCOPH = ( Ẇcomp,1+ Ẇcomp,2+ Ẇpump,1+ Ẇpump,2) 
Table 3: Exergy balance relations employed to each element of the vapor injection cycle with an economizer. 
i




comp,1 Eẋ comp,1 Compressor 1 Wcomp,1 Ex2 − Ex1 − Excomp,1
˙ ˙ ˙ ˙ ˙ P 





comp,2 Eẋ comp,2 Compressor 2 Wcomp,2 Ex4 − Ex3 F − P Excomp,2 










pump,2 Eẋ pump,2 ˙ ˙ ˙ ˙ ˙ PPump 2 Wpump,2 Ex16 − Ex15 F − P Expump,2˙ F 
tv,1 tv,1 Eẋ tv,1 ˙ ˙ ˙ ˙ PThrottling valve 1 Ex9 Ex10 Ex − ExF P Eẋ tv,1 F 
tv,2 tv,2 Eẋ tv,2 Throttling valve 2 Ex7 Ex8 ExF − ExP Eẋ tv,2





evap Eẋ evap˙ ˙ ˙ ˙ ˙ ˙ PEvaporator Ex8 − Ex1 Ex12 − Ex14 F − P Eẋ evap F 




econ Eẋ econ ˙ ˙ ˙ ˙ ˙ ˙ PEconomizer Ex6 − Ex7 Ex11 − Ex10 − ExeconF P ˙ F 
Exmix ˙ ˙ ˙ ˙ ˙ Pmix mix ˙Mixer Ex2 − Ex11 Ex3 ExF − ExP Exmix˙ F 
ExInHX ˙ ˙ ˙ ˙ ˙ ˙ PInHX InHX ˙Indoor heat exchanger Ex16 − Ex17 Ex21 − Ex20 Ex − Ex ExInHXF P ˙ F 
ExOutHXOutHX OutHX ˙˙ ˙ ˙ ˙ ˙ ˙ POutdoor heat exchanger Ex13 − Ex14 Ex19 − Ex18 ExF − ExP ExOutHX˙ F 
ExtotInHX i ˙˙ ˙ ˙ PTotal Wcomp,1 + Ẇ comp,2 + Ẇ pump,1 + Ẇ pump,2 ExP ∑i ExD Eẋ tot F 
Exergy, unit cost, and cost rate are related to each other as (Bejan et al., 1995): 
Ċk = ck Ėxk (9) 
The overall input cost rate of the kth element of a unit can be expressed as (Bejan et al., 1995): 
ŻCI ZOMżk = + ˙k k = CRF × 
φr × 365 × 24 
N 
× Zk (10) 
˙ ˙where, ZCI refers to the capital investment (CI) cost of the kth element, ZOM refers to the operating and maintenance k k 
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(OM) cost of the kth element, N is the annual operational hour of the unit, φr is the maintenance coefficient, Zk refers to 
the kth element overall cost, and CRF is the capital recovery factor which is expressed as (Bejan et al., 1995): 
ir(1 + ir)nr CRF = (11) 
(1 + ir)nr − 1 
here, nr is the total period of operation of the unit, and ir is the interest rate. 
The cost rate connected to the exergy destruction of the kth element is expressed as (Bejan et al., 1995): 
˙ ˙CD,k = cF,kEx˙ D,k (If ExP,k = constant) (12) 
The main economic input parameters are listed in Table 4. 
Table 4: Economic constant parameters used in exergo-
economic analysis (Ghaebi et al., 2017; Ghaebi, Namin, 
& Rostamzadeh, 2018; Ghaebi, Parikhani, et al., 2018). 
Component Value 
Working hours [hr] 7646 
Plant life time [year] 20 
Interest rate [%] 12 
Maintenance factor 1.06 
Table 5: The overall heat transfer coefficient for 
heat exchangers (Parikhani et al., 2019). 




Indoor and outdoor HXs 1 
The relation between the total heat transfer coefficient U, logarithmic mean temperature difference (LMTD) and the 
total heat exchanger area is expressed as: 
Q̇ kAk = (13)UkΔTLMTD 
The selected values for the total heat transfer coefficients are given in Table 5. 
Last, the total investment cost rates for each element is updated as follows: 
Original cost = cost at reference year × cost index for original year (14)
cost index for reference year 
All applied purchase equipment cost (PEC) and cost balance relations for each element of the simulated system are 
listed in Tables 6 and 7, respectively. 
2.4 Main Performance Criteria 
For the simulated vapor injection heat pump system with an economizer, heating COP is obtained by: 
Q̇ InHXCOPH = (15)Ẇcomp,1 + Ẇ comp,2 + Ẇ pump,1 + Ẇ pump,2 
The exergy efficiency of the simulated system is expressed as: 
˙ ˙Ex21 − Ex20ηex = (16)Ẇcomp,1 + Ẇ comp,2 + Ẇ pump,1 + Ẇ pump,2 
Unit cost of heating (UCH) of the simulated heat pump system is expressed as: 
Ċ 21UCH = (17)
Ex˙ 21 
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021 
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Table 6: Purchase equipment cost functions for 
components of the vapor injection cycle with 
economizer (Sayyaadi & Nejatolahi, 2011). 
Component Cost equation 
P2573 ̇m1 ln( 
P2 ) P1 P1Compressor 1 Zcomp,1 = 0.8996−ηcomp,1 
P4573 ̇m3 ln( 
P4 )P3 P3 Compressor 2 Zcomp,2 = 0.8996−ηcomp,2 
Pump 1 Zpump,1 = 308.9W0.25 pump,1 
Pump 2 Zpump,2 = 308.9W0.25 pump,2 
Throttling valve 1 Ztv,1 = 114.5 ṁ9 
Throttling valve 2 Ztv,2 = 114.5 ṁ7 
Evaporator Zevap = 309.143Aevap + 231.915 
Condenser Zcond = 516.621Acond + 268.45 
Economizer Zecon = 310Aecon + 190 
Mixer Zmix = 0 
Indoor heat exchanger 
Outdoor heat exchanger 
ZInHX = 310AInHX + 190 
ZOutHX = 310AOutHX + 190 
Table 7: Formulation of cost balance and required auxiliary 
equations for components of the vapor injection cycle with 
economizer. 





Throttling valve 1 
Throttling valve 2 
Evaporator
Condenser 
Ċ2 = Ċw,comp,1 + Ċ1 + Żcomp,1 
Ċ4 = Ċw,comp,2 + Ċ3 + Żcomp,2 
˙ ˙C13 = Cw,pump,1 + Ċ12 + Żpump,1 
˙ ˙C6 = Cw,pump,2 + Ċ12 + Żpump,2 
˙ ˙C10 = C9 + Żtv,1 
Ċ8 = Ċ7 + Żtv,2 
Ċ1 + ˙ ˙C12 = C14 + Ċ8 + Żevap 
Ċ5 + ˙ ˙C15 = C4 + Ċ17 + Żcond 
cw,comp,1 = 0.144 $/kWh 
cw,comp,2 = 0.144 $/kWh 
cw,pump,1 = 0.144 $/kWh 
cw,pump,2 = 0.144 $/kWh 
– 
– 
c8 = c1 
c4 = c5 
Economizer ˙ ˙C10 + Ċ6 + Żecon = C7 + Ċ11 c6 = c7 
Mixer ˙ ˙C3 = C2 + Ċ11 + Żmix – 
Indoor heat exchanger 
Outdoor heat exchanger 
˙ ˙C16 + Ċ20 + Żecon = C17 + Ċ21 
˙ ˙C13 + Ċ18 + Żecon = C19 + Ċ14 
c16 = c17, c20 = 0 
c13 = c14, c18 = 0 
3. OPTIMIZATION ANALYSIS 
Since optimizing an energetic system with respect to single objective normally leads to unacceptable results, the well-
known concept of “Pareto optimum solution” is taken into account in this study to multi-objectively optimize the 
designed heat pump system (Sayyaadi & Nejatolahi, 2011). For this target, Genetic Algorithm (GA) method is con-
sidered which is a branch of evolutionary algorithm defined in EES software (Klein & Alvarado, 2019). In GA, 
candidate solutions evolve in a selected population toward better solutions by randomly generating individuals from 
their preceding population to reach a modified population for the subsequent generations. The iteration continues until 
a satisfactory fitness level has been found for the population or a maximum number of generations are screened. In 
this study, two objective functions are defined which are heating COP and unit cost of heating (UCH). The central 
objective of optimizing the devised unit is to maximize COP and minimize UCH. In order to achieve this objective, 
the normalized form of the objective functions is used instead of the real form. The normalized form of COP and UCH 
are defined as follows: 
COPH − COPH,minCOP ∗ H = (18)COPH,max − COPH,min 
UCH − UCHminUCH ∗ = (19)
UCHmax − UCHmin 
where, COPH,min and COPH,max are the minimum and maximum values of COPH in the Pareto frontier, respectively. 
Table 8: Practical ranges of independent decision Table 9: Control parameters for the genetic algorithm 
variables. 








0.1 - 0.9 
0.1 - 0.9 
−8 - 3 
55 - 70 
1 - 10 
1 - 10 
1 - 8 
solver applied in this work. 
Parameter Value 
Individuals number in the population 32 
Number of generations 64 
Maximum mutation rate 0.25 
Minimum mutation rate 0.0005 
Initial mutation rate 0.25 
Crossover probability 0.85 
Similarly, UCHmin and UCHmax are the minimum and maximum values of UCH in the Pareto frontier, respectively. 
Needless to say, COPH,max and UCHmin are associated to thermodynamic-optimized and cost-optimized designs, re-
spectively. Obviously, the optimal values for COP∗   
 
H and UCH 
∗ using the thermodynamic single-objective 
optimization 
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method are 1 and 0, respectively, whereas the corresponding values using the cost single-objective optimization method 
are 0 and 1, respectively. Before we proceed further, the main selected independent decision parameters are listed in 
Table 8. The main control parameters for the GA method are given in Table 9. 
In light of above explained procedure, a multi-objective operator (MOO) is defined to multi-objectively optimize 
performance of the devised heat pump unit. MOO can be defined by weighing each of the two main parameters 
individually and adding all together. Hence (Ghaebi et al., 2017, 2019): 
Maximize (MOO = wCOP ∗ H + (1 − w) (1 − UCH 
∗)) (20) 
where, w is the weighting coefficient ranges between 0 and 1. 
4. RESULTS AND DISCUSSION 
























Pareto Front For R32
Ideal point for maximum COPHeating
Non-ideal pareto solution
Closet point of the pareto front
      to the equilibrium point
Ideal point for minimum UCH
Ideal pareto solution























Pareto Front For R290
Ideal point for maximum COPHeating
Non-ideal pareto solution
Closet point of the pareto front
      to the equilibrium point
Ideal point for minimum UCH
Ideal pareto solution
(a) R-32 (b) R-290 






















Pareto Front For R410A
Ideal point for maximum COPHeating
Non-ideal pareto solution
Closet point of the pareto front
      to the equilibrium point
Ideal point for minimum UCH
Ideal pareto solution
(c) R-410A 
Figure 2: Pareto frontier curve obtained from multi-objective GA optimization using (a R-32, (b R-290, and
(c) R-410A as working fluid. 
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Figure 2 illustrates the Pareto frontier curves obtained from optimizing the simulated vapor injected heat pump system 
for various working fluids. Three important points are specified in the depicted figures (i.e., Points A, B, and AB). 
The points A, B, and AB are the ideal points for maximum heating COP, minimum unit cost of heating (UCH) and 
simultaneous maximum heating COP and minimum UCH, respectively. Figure 2 shows that point AB can be calculated 
by various methods such as drawing a line from the origin of the axis perpendicular to the Pareto frontier curve. It 
should be noted that based on the concept of the Pareto frontier, any design point around the Pareto curve is acceptable 
which is highly dependent on the requirement of the design modeling. 
The values of the two main objective functions; namely, heating COP and UCH, at three designed points of A, B, 
and AB illustrated in Figure 2 are listed in Table 10. As expected earlier, the value of heating COP obtained at the 
thermodynamic optimized point (i.e., Point A) is considerably higher than the other two scenarios. However, this 
parameter is compromised when the economic parameter (i.e., UCH) is considered as an objective function. The 
maximum heating COP at Point A for R-32, R-290, and R-410A were found to be 4.09, 4.27, and 4.03, respectively. 
On the other hand, Point B is specified with minimum UCH values of 187.74 $/kWh for R-32, 345.63 $/kWh for 
R-290, and 289.08 $/kWh for R-410A. The results of multi-objective optimization case (i.e., Point AB) is discussed 
further in Figure 3. 





























Table 11: Comparison of component destruction cost rates and investment cost rate for three different fluids at 
the optimum design point. 




























Indoor HX 43.75 130.5 93.42 130.2 73 132.3 





Throttling valve 1 












































Total 365.2 519.4 935.6 508.3 689.3 568.8 
Figure 3 illustrates the main optimum objective functions and decision variables values for the investigated refrigerants
at the calculated optimal point (i.e., Point AB). The highest heating COP is found to be 3.94 for R-290, followed by
value of 3.92 for R-32 and 3.75 for R-410A, respectively. In order to obtain this maximum heating COP for R-290
at a steady-state design operation for the system, the main decision variables were set as follows: GCCLS = 0.279,
GCHLS = 0.49, Tevap = 2.99°C, Tcond = 59.34°C, DTecon = 9.81°C, Sccond = 9.93°C, and Shevap = 8°C. Under this
operating condition, the results of heating capacity, exergy efficiency, exergy of heating, and UCH were found to be
36.14 kW, 21.71%, 1.988 kW, and 495 $/kWh, respectively. In order to attain minimum UCH, R-32 is commendable
which results in UCH of 265 $/kWh, exergy efficiency of 42.15%, heating COP of 3.92, heating exergy of 3.89 kW, 
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021 
and heating capacity of 36.22 kW. This results were obtained with optimal values for the main decision 
follows: GCCLS = 0.229, GCHLS = 0.893, Tevap = 2.73°C, Tcond = 56.43°C, DTecon = 8.86°C, Sccond 
Shevap = 8°C. 
variables as 
= 10°C, and 
 35 
𝑮𝑪𝑪𝑳𝑺 (-) 0.2291 0.2792 0.8338 
𝑮𝑪𝑯𝑳𝑺 (-) 0.8929 0.4907 0.8889 
𝑻𝒆𝒗𝒂𝒑 (℃) 2.737 2.995 3 
𝑻𝒄𝒐𝒏𝒅 (℃) 56.43 59.34 58.58 
𝑫𝑻𝒆𝒄𝒐𝒏 (℃) 8.862 9.81 9.764 
𝑺𝒄𝒄𝒐𝒏𝒅 (℃) 10 9.937 9.937 
𝑺𝒉𝒆𝒗𝒂𝒑 (℃) 8 8 8 
?̇?𝑰𝒏𝑯𝑿 (𝒌𝑾) 36.22 36.14 36.78 
?̇?𝑶𝒖𝒕𝑯𝑿 (𝒌𝑾) 26.99 26.99 26.99 
?̇?𝒆𝒗𝒂𝒑 (𝒌𝑾) 26.99 26.99 26.99 
?̇?𝒄𝒐𝒏𝒅 (𝒌𝑾) 36.22 36.14 36.78 
?̇?𝒆𝒄𝒐𝒏 (𝒌𝑾) 1.969 2.892 3.039 
?̇?𝒑𝒖𝒎𝒑,𝟏	 (𝒌𝑾) 0.002527 0.002514 0.002362 
?̇?𝒑𝒖𝒎𝒑,𝟐	 (𝒌𝑾) 0.003405 0.003448 0.003356 
?̇?𝒄𝒐𝒎𝒑,𝟏	 (𝒌𝑾) 4.05 4.197 4.362 
?̇?𝒄𝒐𝒎𝒑,𝟐	 (𝒌𝑾) 5.177 4.952 5.426 
𝑬?̇?𝑷𝑰𝒏𝑯𝑿 3.891 1.988 2.968 

























COP_Heating (-) Exergy efficiency (%) UCH ($/kWh)
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Figure 3: Comparison of multi-objective results for the three working fluids at optimal case (i.e., Point AB in 
Figure 2). 
Table 11 lists the main exergo-economic parameters; namely, destruction cost rate and investment cost rate of the 
individual system components for each investigated refrigerant. Accordingly, the highest total investment cost of the 
heat pump system is associated with R-410A by 568.8 $/yr, while the lowest total investment cost of if found to be 
508.3 $/yr with R-290. In terms of cost rate of destruction, the highest total cost rate of destruction is associated with 
R-290 by 935.6 $/yr, while the lowest total cost rate of destruction obtained is 365.2 $/yr with R-32. The high value of
the total investment cost for the system is mainly derived from the high investment cost of the outdoor and indoor heat
exchangers. Also, the high value of the total cost of destruction for the simulated heat pump system mainly raised from
the high destruction cost rate of outdoor heat exchanger. Therefore, any innovation toward reaching an economical
design of the aforementioned components is welcomed in order to decrease the cost rate associated with the investment
and destruction of these components. 
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5. CONCLUSIONS 
Design and construction of a high-efficient and economical air source heat pump system for achieving both heating 
and cooling from the same appliance has become the main focal point of research over the last decades, especially 
for locations where the ambient temperature falls below 0°C. In order to resolve this problem, a double-stage vapor 
injection heat pump system with R-32, R-290 and R-410A as working fluids was investigated in this study. For this 
aim, energy, exergy, and exergo-economic balance relations were employed to each component of the devised system 
in order to optimize performance and cost of the simulated heat pump system. Single- and multi-objective optimization 
of the system were carried out by considering heating COP and unit cost of heating (UCH) as objective functions. To 
achieve this, Genetic Algorithm (GA) available in EES software was used and the Pareto frontier curves are illustrated 
for a wide range of operations. The results indicated that R-32 and R-290 were the best selections for the investigated 
system based on exergy-economic and thermodynamic criteria, respectively. The system with R-32 and R-290 had 
a minimum UCH and a maximum heating COP of 265 $/kWh and 3.94, respectively, while for the baseline system 
with R-410A, the heating COP, exergy efficiency, and the UCH were calculated 3.76, 30.31%, and 384.2 $/kWh, 
respectively. 
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